Abstract: Quantum emitters in hexagonal boron nitride (hBN) are promising building blocks for the realization of integrated quantum photonic systems. However, spectral inhomogeneity of the sources limits their potential applications. Here, we apply tensile strain to quantum emitters embedded in few-layer hBN films and realize both red and blue spectral shifts with tuning magnitudes up to 65 meV, a record for any quantum source in a solid-state system. We demonstrate reversible tuning of the emission and discuss the results in the framework of electron-phonon coupling. Additionally, evidence for the modification of spin orbit-coupling between excited and meta-stable states, and rotation of the emission dipole upon straining is presented and discussed. Our work demonstrates the potential for the strain tuning of quantum emitters in layered materials for their employment in scalable quantum photonic networks.
Single photon emitters (SPEs) embedded in solid state hosts are a critical building block for a range of quantum technologies. [1] [2] [3] Integrating multiple SPEs with on-chip nanophotonic components provides a scalable route towards the engineering of quantum gates and quantum circuitry. [4] [5] [6] However, unwanted interactions between the atom-like defects and the crystal host environment lead to spectral inhomogeneity that hinders device performance. To address this issue, methods for tuning emitter properties are critical for generating identical photons, [7] [8] [9] and for coupling to high-quality factor photonic resonators where tuning magnitudes must be comparable to or greater than the cavity linewidths. 10 Recently, hexagonal boron nitride (hBN), has been shown to host a range of sub-band gap defects operating as room temperature SPEs. [11] [12] [13] [14] These SPEs display a number of desirable properties, including high photon purity, 15 bright emission, 16 and favorable quantum efficiencies. 17 However, the emitters have been shown to be susceptible to environmental influences, which lead to extreme inhomogeneity in their emission properties, 18 including a broad, continuous spectral range of zero phonon lines spanning from the deep ultraviolet to the near infrared. [19] [20] [21] Consequently, reliable tuning methods for controlling the emission properties are paramount for their implementation in quantum photonic applications.
Initial reports on tuning of hBN emitters employed voltage-controlled Stark shift devices and hydrostatic pressure. [22] [23] [24] [25] Strain-based tuning of hBN defects has also been investigated using either the application of surface acoustic waves, 26, 27 or mechanical deflection of solid beams that translated vertical displacements to horizontal strain tensors. 28 In this work, we employ high degrees of tensile strain to tune the emission of hBN SPEs, and achieve record tuning magnitudes of up to 20 nm (65meV). Unlike all previous reports, we take advantage of large area (~ few mm 2 ) ultrathin hBN films (~ < 10 nm) that host a variety of SPEs. [29] [30] [31] [32] These samples are amenable to the direct application of tensile strain (as is detailed below), and we report both red and blue spectral shifts, relating our results to the local density of phonon states. Recent calculations predicted strain-induced modification of defect-phonon coupling, which we realize for the first time experimentally. 33 Additionally, we observe reversible changes to the optical properties of the studied SPEs, therefore offering a promising route to deterministically tailor light-matter interactions in these systems.
Strain experiments were performed on hBN films grown by chemical vapor deposition (CVD) on a copper foil to a thickness of ~7 nm. 29 The films were transferred from the copper foil using a polymer-assisted (PMMA) wet-transfer process to a PDMS slab of 2.7 cm in length, and ~200 µm thick (cf. methods). The hBN/PDMS slab was secured in a mechanical straining device and mounted for optical characterization via confocal microscopy, as shown in Figure 1a . The PDMS slab was subject to varying degrees of tensile strain, as shown schematically in Figure 1b . Throughout the manuscript, we will discuss the strain applied to the PDMS substrate to interpret the corresponding results, expressed as the strain percentage (S), defined as (%) = ∆ * 100, where L is the original length of the PDMS slab, and ∆L is the applied displacement. This provides an upper bound on the strain applied to the hBN film. The precise magnitude is not known as the strain transfer efficiency from PDMS to hBN is unresolved, additionally depending on the layer number where the defect resides, as discussed in the supplementary materials. Incomplete strain transfer likely accounts for the finding that S values of up to 7.4% did not destroy the hBN film. 34 A strain field causes displacement of the lattice sites, distorting the symmetry of the defect wavefunction, and changing its relationship with the surrounding phonon bath. This can be approximated by Hstrain = ∑ijσij εij, where σij are the orbital operators and εij represent the relevant strain tensors. Three strain tensors must be considered, two describing inplane components (ε11, ε22), and one the out-of-plane component (ε33) along the c axis of the material. For hBN, the in-plane strain tensors ε11 and ε22 are oriented along the arm-chair and zigzag axes of the crystal, respectively, and will be referred to as εAC and εZZ.
Emitters in hBN have been reported to exhibit a range of complex dependencies on the applied strain. For example, high-pressure measurements in which strain is applied isotropically have been interpreted in terms of a competition between the inter-and intra-layer strain tensors. 22 This, however, is not relevant to our experiment, where tensile strain is applied predominantly along the intralayer axis of hBN, meaning that the in-plane strain tensors will dominate the resulting optical response. The response of emitters to in-plane strain has been investigated by simulations of defect complexes of the type X-V, where X represents B, N, or heteroatom impurities, and V is a vacancy. 28 While the structural nature of the emitters remains unclear, recent simulations have confirmed X-V defects such as NBVN and CBVN are likely candidates. [35] [36] [37] The simulations suggest that the orientation of the defect dipole relative to the direction of applied strain εAC or εZZ determines the direction of the ZPL shift for a given defect. 28 Two zig-zag (ZZ1&2) and arm-chair (AC1&2) axes exist, each with different effects on the direction of the shift, however, the following discussion is simplified to discuss only relative contributions of strain along the ZZ1 and AC1 axes. Specifically, when εAC>εZZ a red shift is observed, while in the case where εAC<εZZ an increase in emission energy occurs (blue shift). 28 This is depicted in Figure 1d by a simplified electron energy diagram with an initial ground state |g〉 and excited state |e〉 of the defect, and the application of a strain field Hstrain which modifies the positions of the energy levels according to the relative magnitudes of εAC and εZZ. Other relevant parameters are discussed in the supporting information.
We use the above framework, summarized in Figure 1 , to explore the effects of tensile strain on the optical properties of SPEs in CVD-grown thin films of hBN. Figure 2a shows an SPE at 0% strain (red trace), with an initial ZPL position at 573.40 ± 0.08 nm, and an FWHM of 21.9 ± 0.8 nm. The inset is the corresponding second-order autocorrelation function, g 2 (τ), confirming that the emitter is an SPE (g 2 (0)<0.5). Upon application of 3.70% strain, the peak blue shifts to 560.82 ± 0.05 nm, a shift of ~12.6 nm (~ 49 meV). The increased emission energy suggests strain is applied primarily along zig-zag axis εZZ>εAC. Solid traces in Figure 2a display the Lorentzian fits for the ZPL at each position, and the extracted FWHMs are shown in Figure 2b . We observe a significant decrease in the broadening of the ZPL which narrows from 21.9 ± 0.8 nm to 11.7 ± 0.5 nm after the shift. This decrease (~ 9.0 nm) represents a nearly two-fold reduction in the coupling between the defect and available phonon modes, as will be discussed in detail later. Next, we investigate the observed shift of a second SPE upon applying tensile strain. Figure  2c shows PL spectra acquired versus time before straining (bottom panel), after the application of 5.55% strain (middle panel), and once the strain field is released (top panel). We observe a large and reversible red shift, and optical stability during the 100-second acquisition steps. The g 2 (τ) and spectrum for each collection step are shown in figure S1 . The fitted SPE peaks before (618.25 ± 0.09 nm) and after applying 5.55% strain (639.06 ± 0.06 nm) are plotted in figure 2d and demonstrate a red shift of ~ 20.8 nm (~ 65 meV). This constitutes the largest tuning magnitude for any solid-state SPE to date. It is noted that the shoulder peak apparent in the unstrained emission peak is due to the fluorescence signal from PDMS ( Figure S2 ). The red shift suggests strain is applied primarily along the arm-chair axis, εAC>εZZ. Alignment between the defect dipole and the applied field, for both strain and Stark based tuning, also influences the magnitude of the observed energy shift according to equation S1. The large shift magnitude for this particular SPE suggests that the degree of misalignment between the strain field and the defect dipole is small and was indeed confirmed to be only ~ 10 , figure S3 . Figure 2e plots the extracted FWHM of the ZPL and PSB before (red) and after (blue) applying 5.55% strain, where a broadening of 8.6 nm and 5.4 nm, respectively, are observed. For the ZPL peak this more than doubles the peak width from 8.1 ± 0.3 nm to 16.7 ± 0.4 nm, an increase of 106%, while the changes to the PSB are less prominent representing a FWHM increase of 25.5% from 21.1 ± 0.6 nm to 26.5 ± 0.8 nm. Recent work has attributed ZPL broadening in hBN to the coupling of the defect with both low-energy longitudinal acoustic (LA) phonon modes as well as local mode oscillations which describe atomic displacements of the defect in relation to the host crystal. 34 Conversely, changes in the FWHM of the PSB can be attributed to a modification of coupling strength to longitudinal optical (LO) phonon modes LO1 and LO2, 34 which are responsible for the prominent PSB typically observed ~ 160 meV red-shifted from the ZPL. 21 While the change in coupling to any one mode cannot be extracted, it is clear that the strain-induced coupling changes vary for different phonon modes.
Figure 2. Large red and blue strain-induced shifts. In a-b, d-e red corresponds to initial
The red-shift induced increase in phonon coupling lies in stark contrast to the decrease in phonon coupling found for the blue-shift in Figure 2a . In-fact all strain shifted SPEs follow this relationship between changes to the homogeneous broadening of the ZPL and PSB and the direction of the shift observed. Blue shifts decrease the prevalence of phonon coupling, while redshifts increase the phonon coupling. The dependence of relative phonon coupling to the shift direction is attributed primarily to changes in the deformation potentials of the electron and hole. Where an increase in energy for |De-Dh| leads to increased coupling to LA modes, and a lesser extent LO phonon modes, precisely as previously predicted. 34 Conversely, as the relationship |De-Dh| decreases in energy, coupling to phonon modes becomes less prevalent. An increasing homogeneous broadening accompanying red-shifts has also been observed for stark shifts of hBN emitters, 29 but has not previously been explained. Interestingly, we also observe a reversible decrease in the fluorescence lifetime for this SPE, Figure 2f and Figure S1 , consistent with the mixing of excited states through electron-phonon coupling processes. 7, 38 We now turn our attention to the photophysical modifications of the emission upon applying strain. To this extent, we analyze the polarization of the emitter and record its photon statistics at each step. Figure 3 (a -d) shows the results of increasing tensile strain, at the values of 0% (red), 1.85% (green), 3.70% (light blue), and 5.55% (royal blue), where individual fits are displayed in figure S4 . The red shifted ZPL peak moves 2.4 nm (6 meV) at 5.5% strain, figure 3a. The g 2 (τ) measurement at each strain value is shown in figure S5 , demonstrating the quantum nature of the emission, and showing no changes to the SPE purity upon straining. Consistent with investigations of higher energy defects (<690 nm), the red shift for this emitter is accompanied by a gradual broadening of the ZPL peak, suggesting increasing coupling to phonon modes, Figure  3b . Figure 3c displays the emission dipole angle as a function of the applied strain, showing a clear rotation upon straining. The dipole angle at 0% strain is ~ 155˚, and gradually rotates with increasing strain to a value of ~ 143˚ at 5.55%, a ~ 12 ̊ rotation, moving towards the applied strain field at 90˚(270˚). Note, the hBN film is not rotated relative to the PDMS substrate, as evidenced by the confocal maps at each strain value (figure S6). As a result, we attribute the observed dipole rotation to a distortion of the excited state orbital symmetry, rotating gradually towards the strain field as the strain increases. To the best of our knowledge this is the first demonstration of a straininduced dipole rotation for a room-temperature SPE and is predominantly possible due to the 2D nature of the host crystal.
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Figure 3. Strain tuning the photophysical properties of hBN SPEs. The first row (a-d) displays a gradual increase in tensile strain from 0% to 5.55%. The second row (e-h) displays the reversing the strain from 5.55% back to 0%. The legend for both rows displays the strain percentage for a corresponding color. a. A gradual ZPL red shift of ~2.4 nm (~6meV) is observed for increasing strain values. Each collection is fit with Lorentzian functions (solid trace). b. The extracted ZPL FWHM vs position with increasing strain, displaying a gradual increase mirroring the observed spectral shift. c. Emission dipole orientation of the SPE with increasing strain. The tensile strain field is applied along the 90˚ (270˚) axis, depicted with two arrows. A gradual rotation of the dipole to a maximum displacement of ~12˚ is observed. d. Extended autocorrelation measurements for each strain %, fit with a double exponential function, suggesting the presence of two metastable states. The probability of transition into available meta-stable states is cut roughly in half at the maximum applied strain. e. Reversibility of the 2.4 nm red shift, while the red dashed line shows the initial spectrum for reference. Each collection is fit with Lorentzian functions (solid trace). f. The extracted ZPL FWHM vs position, displaying reversibility of the homogeneous broadening. Data points from the initial forward strain cycle are plotted in the background. g. Emission dipole orientation returns to its original position. h. Extended autocorrelation measurements, again fitted with a double exponential function, demonstrate the relative bunching is restored to initial values.
Figure 3d displays the second-order auto-correlation measurements for the SPE as a function of applied strain. A significant decrease in photon bunching is observed as the strain field increases. Each curve is fitted with a double exponential, implying contributions from two available metastable states, according to equation S3. The degree of photon bunching observed is known to depend on the excitation power of the system, 41 as the population of the meta-stable state increases with the relative population of the excited state. In the current experiment, however, identical excitation conditions were used at each strain value. The transition from the excited to the meta-stable state requires an intersystem crossing event, 42 , and as such, the probability of this event upon excitation (K23) is controlled by the degree of spin-orbit coupling between the levels (see figure S7 for simplified level structure). The decrease in bunching upon increasing strain suggests that the magnitude of spin-orbit coupling is gradually reduced. A decrease in bunching was observed for all strained emitters, irrespective of the shift magnitude or direction, for example see Figure S3 .
We next explore the reversibility of the strain-induced changes for the same SPE. Figure  3e shows the ZPL position is restored to its initial position (dashed red) upon releasing the applied strain (purple). Similarly, we find that the FWHM of the peak (Figure 3f) , the dipole orientation (figure 3g), and the relative bunching (Figure 3h) , are also restored to their initial values. Critically, this rules out the potential for layer slippage or permanent damage to the hBN lattice, such as ripping, confirming the strain-induced nature of the effects. Figure S8 displays a second forward strain cycle to higher maximum strain value of 7.40%, showing a larger red shift (~ 4.7 nm) and enhanced changes to the phonon coupling, dipole rotation, and meta-stable state occupation rates.
Finally, we turn our attention to the overall trends observed across all investigated hBN SPEs. Figure 4a displays the relative change in the FWHM versus the shift magnitude and direction. Each circle represents a different SPE. In all recorded examples, the trend of ZPL narrowing with blue shifts and broadening with red shifts is conserved. At low shift magnitudes, the changes to the relative electron-phonon coupling appear to change faster, while the shift to peak width ratio changes drops off slightly for larger shift values. where the strain field is along the 90˚ axis. As predicted in equation S1, larger shifts are observed when the emission dipole is aligned with the applied strain field. The inset in figure 4b shows that this is the case for both red and blue spectral shifts. Figure 4c , blue boxes, displays the observed spectral shifts as a function of the initial (0% strain) ZPL position. The majority of emitters exhibit a shift of up to ~ 5 nm, however, it was not uncommon to find extremely large spectral shifts exceeding 10 nm. Figure 4c , red triangles, also plots the shift magnitude relative to the initial peak FWHM, showing no correlation between the magnitude of the spectral shifts and the homogeneous broadening of the SPE. This is an important observation, which suggests that similar shifts should persist even at cryogenic temperatures, where phonon broadening is reduced. This interpretation is supported by previous results showing up to ~ 9 nm shifts observed upon compressive strain applied through hydrostatic pressure at 20 K. 22 To contextualize the degree of shift magnitudes, we consider the largest strain-induced shift to be 10 5 times greater than the expected natural linewidth of the emitter (~ 0.15 μeV linewidth vs ~ 65 meV spectral shift).
In summary, we have demonstrated record tuning magnitudes for a solid-state quantum emitter of up to 65 meV at room temperature. The results were enabled by our newly established technique to grow ultra-thin hBN layers that can be easily transferred to a substrate of choice. 29 Importantly, such shift magnitudes help explain the broad and homogeneous distribution of hBN SPEs across the visible spectrum (550-800 nm), and effectively put a lower limit on the influence of strain at ~ 65 meV. Shift direction is determined primarily by a competition between the inplane strain tensors εAC and εZZ, while shift magnitude is mediated by the alignment between the defect emission dipole and the applied strain field. We found that blue (red) spectral shifts decrease (increase) the phonon coupling of SPEs and observed that dipole rotation of the SPE towards the applied strain field is possible in some cases. Remarkably, we conclusively proved that all changes are reversible, and the original photophysical properties of the SPEs are restored when the strain field is released.
Our work has several immediate implications in the field of integrated quantum photonics. First, such large shift magnitudes can eliminate hBN defects with inversion symmetry. Such defects are not expected to be amenable to high shifts under applied strain fields. 7 Therefore, the results support the assignation of the hBN defects in the visible range to defect of the XBVN geometry (where X can be a nitrogen or carbon element). Second, our results pave the way for future strain engineering of indistinguishable photons from hBN. Recently, this approach was fruitful to demonstrate indistinguishable photons from silicon-vacancy center (SiV) defects in diamond. 9, 43 We envision that two or more emitters in hBN can be put in resonance by employing the strain methods using cantilever geometries, as an example. 8, 44 Third, the technique is fully amenable to the engineering of emitter -cavity coupling, whereby the SPE ZPL can be strain tuned into resonance with the cavity mode. 10, 45 Finally, and most intriguingly, the strain could be employed to enhance the optically detected magnetic resonance contrast. 46 The ability to modify the phonon coupling for specific defect transitions provides important control over the system, for instance, controlling the coupling of specific electronic transitions to the surrounding phonon bath has been demonstrated as an effective tool to increase the coherence time of spin-based qubits. 7, 8 Overall, our work constitutes a significant step forward in understanding light-matter interactions of quantum systems in 2D materials, in their leap towards scalable on-chip devices.
Methods:
hBN Growth and Transfer onto PDMS. The hBN thin-films used in these experiments was fabricated via low-pressure chemical vapor deposition and transferred to the PDMS substrate following an established protocol. 29 Briefly, hBN was grown on copper, using ammonia borane as a precursor. Growth was performed at 1030 °C and a pressure of 2 Torr, in a 5% H2/Ar atmosphere. The as-grown films were then transferred from copper to a PDMS polymer slab via a PMMA assisted wet transfer process. The polymer layer was then removed by soaking the sample in warm acetone (~50 °C) overnight, before further cleaning by exposure to UV-Ozone environment for 20 minutes. Optical Characterization. PL studies were carried out using a home-built scanning confocal microscopy with continuous wave (CW) 532 nm laser (Gem 532, Laser Quantum Ltd.) as excitation. The laser was directed through a 532 nm line filter and a half-waveplate and focused onto the sample using a high numerical aperture (100×, NA = 0.9, Nikon) objective lens. Scanning was performed using an X−Y piezo fast steering mirror (FSM-300). The collected light was filtered using a 532 nm dichroic mirror (532 nm laser BrightLine, Semrock) and an additional long pass 568 nm filter (Semrock). The signal was then coupled into a graded-index multimode fiber, where the fiber aperture of 62.5 μm serves as a confocal pinhole. A flipping mirror was used to direct the emission to a spectrometer (Acton Spectra Pro, Princeton Instrument Inc.) or two avalanche photodiodes (Excelitas Technologies) in a Hanbury Brown-Twiss configuration, for collection of spectra and photon counting, respectively. Correlation measurements were carried out using a time-correlated single-photon counting module (PicoHarp 300, PicoQuant). All of the secondorder autocorrelation g 2 (τ) measurements were analyzed and fitted without background correction unless otherwise specified. For each SPE, ZPL and PSBs were fit with Lorentzian functions to extract both the peak centroid position and the FWHM of the peak.
